The magnetic transition-metal (TM) @ oxide nanoparticles have been of great interest due to their wide range of applications, from medical sensors in magnetic resonance imaging to photo-catalysis.
size and morphology of the inner core and outer shell are important aspects of structural property and would most probably affect its stability. So far, to the best of our knowledge, investigations on the physical mechanism for the effect of composition, size and morphology of magnetic TM-core/ZnO-shell heterogeneous nanoparticles are very rare. Here, we report the theoretical studies on a series of TM n @(ZnO) 42 (TM = Fe, Co and Ni) heterostructures by using the density functional theory (DFT). The structural, magnetic and optical properties of such core-shell heterostructures have been investigated. Variation of magnetic moment are studied and stable structures are founded among different models, especially for the moment inversion of Fe 15 @(ZnO) 42 . Furthermore, a red shift phenomenon is also obtained for the absorption spectrum of Fe 15 @(ZnO) 42 compared with the case of (ZnO) 48 . We expect that our results for TM n @(ZnO) 42 can help to understand the effects of the encapsulation on the structure, stability, and magnetic properties of TM clusters.
Results and Discussion
The structural properties of TM n @(ZnO) 42 hetero-nanostructure. In simulation, due to the multiplicity and indeterminacy of core-shell hetero-structure, it is always a challenge to optimize the stable structure of metal-oxide heterogeneous with increasing number of atoms. In the following calculations, the TM n @(ZnO) 42 core-shell model is built to investigate stable structure of TM n @(ZnO) 42 with different n (n = 6-18). Considering the rationality of the structure, the magic number nanostructure of (ZnO) 48 with D 3d symmetry is firstly chosen to be the initial configurations due to the fact that the (ZnO) 48 model has the highest binding energy 23 . Therefore, six ZnO in the center of relaxed (ZnO) 48 are removed, and magnetic TM-core TM n clusters are constructed. The central empty position to put the magnetic TM-core relies on their lowest energy configurations according to the literatures 24 with some considerations on the chemical bond length and interatomic interaction. Then, core-shell nanostructures of TM n @(ZnO) 42 which contain TM n inner core atoms and ZnO outer shell with 42 pairs of Zn-O atoms are built. First, all atoms are fully relaxed by using conjugate gradient algorithm and reach the criteria of the convergence tolerance for energy and maximum force. To further test the thermodynamic stability, we perform first-principles molecular dynamic simulations with a Nose-Hoover thermostat at 500 K in the canonical NVT ensemble. During the whole process of 10 ps simulations, the trajectories are calculated with a chosen time step of 1 fs. We find that there is no structure transform of the Fe n @(ZnO) 42 core-shell phase, except for Fe 7 @(ZnO) 42 (see the Supporting Information I). Then, we optimize the structure of the annealed Fe 7 @(ZnO) 42 and replace the original structure. These results suggest that combination of the structure optimization and molecular dynamic simulations is needed for the precise prediction of structure.
According to our scheme, the stable configurations of TM n @(ZnO) 42 clusters are obtained as shown in Fig. 1 . The inner core TM n and outer shell (ZnO) 42 configurations separated from the optimized geometry configurations of TM n @(ZnO) 42 are also illustrated in Fig. 1 . It is noted that the encapsulated TM n (n = 6-7 for Fe, n = 6-9 for Co and Ni) clusters shift towards the (ZnO) 42 inside surface, indicating the presence of an attractive interaction of the TM n clusters caused by the (ZnO) 42 inside surface. However, large TM n clusters (n = 8-16 for Fe, n = 10-18 for Co and Ni) are nearly located at the center of the cages due to the inner core TM n cluster and outer shell cage sizes. The shells of n from 6 to 12 are a cage-like structure while the shells of n ≥ 13 have a tendency to change into a sphere, which may imply that with the increase of n, the shell is increasingly inclined to become a spherical structure. The exact symmetry for each TM cluster is C 1 except that Ni 12 is C 2 . The nine kinds of Fe n (n = 6-13 and 15) inner core configurations picked from the optimized geometry configurations of Fe n @(ZnO) 42 are displayed in Fig. 2 for the convenience of comparison with the structure of Fe n clusters demonstrated in the literature 24 . It can be seen that large parts of the core structure of Fe n @(ZnO) 42 are not similar to the case of Fe n , which is mainly due to the TM-oxygen interaction. Furthermore, it is intriguing that, in the TM n clusters, the TM atom located at the prominent position and the center of TM n (yellow balls in Fig. 1 ) have relatively small local magnetic moments. Therefore, there is a strong tendency of the magnetic TM n clusters for lower symmetry structures, which helps to increase their energy stability due to the splitting of the highest occupied states. From the results of bond lengths (see Fig. 1 ), the Fe n clusters are much more non-compact than the Co n and Ni n structures, indicating that the core is more close to shell for Fe n @(ZnO) 42 . This trend may affect the magnetic moments (see Supporting Information II) of the TM n @(ZnO) 42 systems and induce more abnormal effect. (e.g. the atom with larger local magnetic moments for Fe shows inversion for the Fe atoms close to O atoms).
To investigate the structural stability, second-order differences of total energies (Δ 2 E) for TM n @(ZnO) 42 nanostructure are calculated and displayed in Fig. 3 . The second-order differences of total energies are calculated by equation:
where E n and n refer to the total energy of TM n @(ZnO) 42 and the number of TM atoms, respectively. As shown in Fig. 3 , the relatively large peaks of Δ 2 E n are found at n = 13, 15 and 15 for TM = Fe, Co and Ni in TM n @(ZnO) 42 core-shell structures, respectively, demonstrating that Fe 13 @(ZnO) 42 , Co 15 @(ZnO) 42 and Ni 15 @(ZnO) 42 are the most stable configurations among all the clusters in the size range of the present study. It is also find that clusters of 7, 13 and 15 atoms are particularly stable, and these three sizes for metal cluster are well-known "magic numbers" 25 . The calculated Zn-O bond lengths and O-Zn-O bond angle of the (ZnO) 48 and M@ZnO (we use M@ZnO to represent all TM n @(ZnO) 42 for TM = Fe, Co, Ni and n = 13, 15, 15 in the following discussion) are listed in Table 1 together with other calculated work 23 , from which it can be seen that our results of (ZnO) 48 reach an agreement with the other studies 23 . It is also obvious that there is a contraction behavior for the outer-shell of M@ZnO compared with (ZnO) 48 , indicating that doping at the center with a magnetic TM atom could provide strong bonding among surface atoms, that is, the Zn-O bonding of M@ZnO is stronger than the (ZnO) 48 cluster due to the interaction of M-O.
The magnetic and electronic structure properties of TM n @(ZnO) 42 hetero-nanostructure. The magnetic properties of encapsulated TM n (TM = Fe, Co and Ni) clusters inside (ZnO) 42 are calculated based on the stable geometries discussed above. All of the transition metal atom magnetic moments of the TM n @ (ZnO) 42 core-shell nanostructure are shown in Tables 2-4. More details of magnetic moments are described in the Supporting Information II. The following trends can be observed: (i) Except for a few cases, the magnetic moments decrease from outside to inside for core transition metal atoms. For example, for relatively stable structure Fe 15 @(ZnO) 42 , Co 15 @(ZnO) 42 , and Ni 13 @(ZnO) 42 , the center Fe, Co, Ni atoms have the magnetic moments 1.996, 1.167, and 0.226 μ B /atom, which are significantly smaller than the other magnetic moments such as 2.64, 1.78, and 0.68 μ B /atom, the average value for Fe, Co and Ni, respectively. (ii) As is presented in Table 5 , a general feature is that local magnetic moments tend to have some relationship with the TM-O distance and the small distance corresponds to a small magnetic moment. Especially for several Fe n @(ZnO) 42 systems, e.g., Fe 15 @ (ZnO) 42 , it is found that some Fe local magnetic solutions change from ferromagnetic to antiferromagnetic phases (e.g. −2.176 μ B /atom) with the Fe-O distance decreased. A similar phenomenon can also be found in the TM@ Mg 12 O 12 26 and TM m @C n 27 . (iii) For most of the systems, we observed a large number of atomic configurations with slightly different magnetic moments. These results indicate that one of the magnetic configurations might be more favorable or a wide range of magnetic configurations might exist at real experimental conditions, and experimental techniques might access only the average results. The second-order differences of total energies Δ 2 E n of TM n @(ZnO) 42 nanostructure. It is noted that the largest Δ 2 E n are found at n = 13, 15 and 15 for TM = Fe, Co and Ni in TM n @(ZnO) 42 core-shell structures, respectively, indicating that Fe 13 @(ZnO) 42 , Co 15 @(ZnO) 42 29 .
To obtain a better understanding for the origin of TM magnetic moments difference, we take relatively stable compound mentioned above as examples to present the charge density difference and investigate the p-O and d-TM projected DOS (see Fig. 4 and Fig. 5 ). Charge transfer data of the typical atom have been marked out in Fig. 4 , demonstrating that, apart from the transition metal atoms neighboring oxygen atoms, the charge transfer numbers increase from outside to inside for core transition metal atoms. For instance, the Fe, Co, Ni atoms at the center of core have the charge transfer numbers 0.1431, 0.2181 and 0.2155, which are much larger than the numbers of other transition metal atoms and correspond to smaller magnetic moments as discussed previously. More intriguingly, because of the interaction with O atoms, transition metal atoms near O atoms have a large charge transfer, leading to smaller magnetic moment and even magnetization reversal has been found. Figure 5 shows the PDOS of the representative atoms for up (↑) and down (↓) spins, demonstrating differences in the shape of PDOS among transition metal atoms at different position. This shape differences are mainly a shift to high energy or low energy, which can be explained by the decrease or increase of the effective hybridization between core TM-3d orbitals and the shell O-2p orbitals, resulting in the charge transfer from core TM to shell O. The charge density difference is demonstrated in Fig. 4 . Near to the Fermi level (E F ), a large overlap between O 2p and TM 3d is clearly seen for atoms with minimal TM-O distance, showing a strong hybridization between O and TM atoms. This also explains why all the core-shell clusters have relative large core-shell interaction energy.
In the case of Fe 15 @(ZnO) 42 , as the interaction of TM-O increases, spin-split becomes significant for the dprojected DOS, resulting in a large magnetic moment change from the center of the core to the edge of the core. In Fig. 4 , we take Fe5, Fe9 and Fe14 as an example. Fe5 is in the center of the core with a magnetic moment 1.996 μ B / atom. Fe9 and Fe14 are located on the edge of the core with a moment −2.714 μ B /atom and −0.767 μ B /atom, n = 6 n = 7 n = 8 n = 9 n = 10 n = 11 n = 12 n = 13 n = 14 n = 15 n = 16 Table 2 . Atoms magnetic moments (μ B ) for Fe n @ZnO 42 (LDA). n = 6 n = 7 n = 8 n = 9 n = 10 n = 11 n = 12 n = 13 n = 14 n = 15 n = 16 Fig. 4 , less charge transfer from core Co or Ni to shell O also shows weaker interaction than Fe 15 @(ZnO) 42 . In addition, it is indicated from Table 5 and Supporting Information II that the magnetic moment of transition metal is related to the coordination number, the average TM-TM bond length and the distance of TM-O, e.g. large coordination number usually lead to small magnetic moment; and a small bond length of TM-TM or TM-O also 42 , indicating that the magnetic moment of atoms are deeply related to the geometry configuration of each atoms, which is consistent with the result from charge transfer. Indeed, although the 3d orbitals are usually spatially extended and the delocalization is even more enhanced by hybridization with oxygen orbitals in TM n @(ZnO) 42 , electron correlations can still play an important role in 3d systems, especially for Fe n @(ZnO) 42 where the electronic configuration maximizes the correlation effects due to the delicate balance of charge states in Fe n @(ZnO) 42 . Thus, we then focus on the results obtained at Coulomb energy U = 4.5 eV and exchange parameter J = 0.89 eV for all Fe ions.
As given in Tables 2 and 3 , a general feature is that inclusion of U leads to local magnetic moments increased. Comparing the results for the magnetic state with and without U, for example, for relatively stable structure Fe 15 @ (ZnO) 42 , we find that U will lead to different correlation behaviors with various Fe-O distances: (I)The center Fe atom shows the magnetic moments 2.718 μ B /atom, which are smaller than the other values (3.056 μ B /atom), This can also be observed by comparing the DOS between the results from LDA and LDA+U, given in the Fig. 5(a) . In Fe 15 @(ZnO) 42 , as the interaction of TM-O increases, spin-split become more obvious, resulting in a And inclusion of U leads to a transition of the magnetic ordering, coinciding with the above analyses. At the same time, charge density difference also reflects the same tendency (see Fig. 4(a) ). 48 . In order to investigate the influence of magnetic TM inner-core on the optical properties of ZnO shell cage, the dielectric function of M@ZnO and pure (ZnO) 48 nanostructures are all calculated for comparison and the optical absorption of core-shell structure and pure (ZnO) 48 is illustrated in Fig. 6 . Compared with the (ZnO) 48 , the optical absorption peaks of core-shell structure Fe 13 @ (ZnO) 42 , Co 15 @(ZnO) 42 and Ni 15 @(ZnO) 42 have an obvious red shift at 147.56 nm, compared with pure (ZnO) 48 at 123.95 nm, which is due to the effect of Fe, Co, Ni core. The spectral line of the Ni 15 @(ZnO) 42 appeared to have a smaller peak at about 255.84 nm while both Fe 13 @(ZnO) 42 and Co 15 @(ZnO) 42 have no peak there. According to the DOS of Ni 15 @(ZnO) 42 (shown in Fig. 5(d) ), we found that this smaller peak originates from the stronger interaction between Ni-O atoms and more abundant charge transfer of O-Zn atom (see Supporting Information II). We contrast the DOS of M@ZnO ( Fig. 5(d) ) and conclude that the influence on Zn-O interaction for the case of introducing Ni atoms is weaker than the case of Co, Fe atoms, particularly at <3 eV. Moreover, it is noted that, at around the 400 nm (in the visible light), all the core-shell structures and (ZnO) 48 have a distinct peak, although with some differences in the height of the peak, coming from the contribution of electrons transfer of O-Zn atom at shell. Figure 6 also exhibits the imaginary part and real part of dielectric function of M@ZnO and pure (ZnO) 48 . For the real part of dielectric function of Fe 13 @(ZnO) 42 , Co 15 @(ZnO) 42 and Ni 15 @(ZnO) 42 , It is found that there are no obvious differences among them. Moreover, both of the real parts of dielectric functions of (ZnO) 48 and M@ZnO are all positive. Unlike the M@ZnO, in the lower energy region (<3.2 eV), (ZnO) 48 does not have a major peak and is quite smooth but in the higher energy region (>10 eV), all of the tendency of curves become consistent with each other. In addition, as the DOS presented in Fig. 5(d) , M@ZnO shows a typical half-metallic behavior from spin majority and minority components, which is in keeping with the result of the real part of dielectric function. In addition, the spin polarization of Fe, Co and Ni is the major contribution for DOS around the Femi level.
The optical properties of M@ZnO and (ZnO)
Furthermore, the imaginary part of dielectric function shows that the curve of (ZnO) 48 has no distinct peak while M@ZnO appears to have a larger peak at around 0.85-1.47 eV, which is mainly due to the contribution of Co, Fe, Ni atoms in the core. It indicates that there is an evident absorptive action in the infrared region and the margin of visible light, especially in the case of Fe 15 @(ZnO) 42 , whose peak of absorption is closer to the visible light region. Finally, due to the interaction between O atom in shell and metal atom in core, the peak at 9.68 eV of (ZnO) 48 vanishes and the curve decreases to zero rapidly.
Conclusions
The structural, magnetic and optical properties of TM n @(ZnO) 42 (TM = Fe, Co and Ni) core-shell nanostructures are studied by the First-principles calculations. Our results indicate that Fe 13 @(ZnO) 42 , Co 15 @(ZnO) 42 and Ni 15 @(ZnO) 42 core-shell nanostructure are the most stable configurations. Compared with (ZnO) 48 value, the Zn-O bonding of M@ZnO is stronger due to the interaction of TM-O. The special magnetism mainly effect by O atoms and TM atoms, which can be attributed to the strong TM-O hybridization and charge transfer. It is also found that this strong interaction induces some magnetic moment inversion for Fe 13 @(ZnO) 42 . Furthermore, the optical properties of M@ZnO are systematically investigated based on absorption coefficient. Compared with the absorption spectrum of the (ZnO) 48 , we find that an obvious red shift has occurred, and it is in accordance with the behavior of the calculated electronic structure.
Methods
All calculations in this paper are performed in the VASP codes 29, 30 based on density functional theory (DFT) 31, 32 within the projector augmented wave (PAW) 33 . The exchange and correlation potential is treated with the generalized gradient approximation (GGA) methods as described by Perdew-Burke-Ernzerhof (PBE) 34 . The electron wave functions are expanded in plane wave with a cutoff energy of 480 eV. All atoms are fully relaxed and the convergence tolerance for energy and maximum force are set to 1.0 × 10 −5 eV and −5 × 10 −3 eV/Å. For k-point sampling, we use a single Γ point for the geometry optimizations in the first Brillouin zone. Spin-polarization is taken into account in this work. In a second step we supplement the LDA calculations by including a Coulomb energy U = 4.5 eV 35 and exchange parameter J = 0.89 eV 36 on Fe 3d orbitals within the LDA + U scheme. In the calculations, the free TM n @(ZnO) 42 is located in a rectangular supercell with a size of 30 × 30 × 30 Å 3 . The interaction between periodic images could be neglected on this size.
In order to predict the stable structures, we perform ab initio molecular dynamics (AIMD) simulations. The initial configuration of the Fe n @(ZnO) 42 is annealed at 500 K. MD simulations are carried out in the NVT ensemble with a time step of 1 fs for a total time of 10 ps. The temperature is controlled by using the Nosé-Hoover method 37 .
